Single-crystalline PbF 2 nanorods with a diameter of 100-500 nm and length of 1-10 μm have been successfully synthesized by a simple sonochemical route in a microemulsion system at room temperature. The morphologies and structures of the nanorods were characterized by x-ray powder diffraction, scanning electron microscopy, transmission electron microscopy, and high-resolution transmission electron microscopy. The experimental results showed that polyethylene glycol 6000 played an important role in the formation of PbF 2 nanorods. Room-temperature photoluminescence measurements indicated that the as-prepared PbF 2 nanorods had strong green emission, which could have potential applications in optoelectronic devices.
Introduction
Nanosized fluorides, such as LaF 3 , CaF 2 , and BaF 2 , are especially attractive due to their potential applications in microelectronic and optoelectronic devices [1] . Recently, Li reported CaF 2 nanocubes prepared by a hydrothermal method [2] . Hu reported the synthesis of BaF 2 whiskers by a microemulsion-mediated hydrothermal procedure [3] . PbF 2 is one of the fluorides that have a wide range of potential applications in microelectronic and optoelectronic devices, and it has also been reported to have been used as a scintillator in electromagnetic calorimetry [4] , high-energy particle detector, and solid electrolytes [5] . However, to the best of our knowledge, there have been no reports on the preparation of PbF 2 one-dimensional (1D) nanostructures. Therefore, the development of methods for the synthesis of PbF 2 1D nanostructures is still important. One-dimensional nanostructures have been intensively studied due to their numerous potential applications in the fabrication of electronic, optical, optoelectronic, and magnetic devices [6] [7] [8] [9] .
In recent years, ultrasound has become an important tool in chemistry for its applications in the synthesis and modification of both organic and inorganic materials [10] [11] [12] . 4 Author to whom any correspondence should be addressed.
When liquids are irradiated with high-intensity ultrasound, acoustic cavitations (the formation, growth, and implosive collapse of the bubbles) provide the primary mechanism for sonochemical effects, during which very high temperatures (>5000 K), pressures (>20 MPa), and cooling rates (>1010 K s −1 ) can be achieved upon the collapse of the bubbles [13] .
In the present study, the α-PbF 2 nanorods with the diameter of 100-500 nm, and lengths of 1-10 μm have been prepared via a simple sonochemical route in a microemulsion system. The morphologies and structures of the nanorods were characterized by x-ray powder diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and high-resolution transmission electron microscopy (HRTEM). Room-temperature photoluminescence measurements indicated that the as-prepared PbF 2 nanorods had strong green emission.
Experimental section

Synthesis
The triton XT-10 and polyethylene glycol 6000 used are of chemical purity, and the other materials are of analytical purity. All the reagents in the experiments are used without further purification.
The microemulsion phase was synthesized by a sonochemical method. In a typical procedure, a mixture of 50 ml cyclohexane, 10 ml triton XT-10, 6 ml N -amyl alcohol, and 10 mmol lead acetate trihydrate was put into a 100 ml roundbottom flask. Then this mixture was exposed to high-intensity ultrasound irradiation under ambient air for 10 min. Ultrasound irradiation was accomplished with high-intensity ultrasonic probe (Xinzhi Co., Xinzhi, China; 1.0 cm diameter; Tihorn, 20 kHz, 100 W cm −2 ) immersed directly in the reaction solution.
The PbF 2 nanorods were synthesized as follow. In the above microemulsion phase, 0.5 g polyethylene glycol 6000 (PEG-6000) and 20 mmol ammonium fluoride (NH 4 F) were mixed and kept still for 24 h ageing. When the reaction was finished, a white precipitate was obtained. The precipitate was separated by centrifuging at a rotation rate of 9000 rpm. It was then washed with distilled water and absolute ethanol in sequence, and dried in air at room temperature. The final product was in the form of white powders and was characterized by XRD, SEM, TEM, selected area electron diffraction (SAED), and HRTEM.
Characterization
The XRD analysis was performed on a Philips X'Pert x-ray diffractometer at a scanning rate of 4
• min −1 in the 2θ range from 10
• to 80 • , with graphite monochromatized Cu Kα radiation (λ) 0.154 18 nm.
SEM images were taken on a LEO 1530VP field-emission scanning electron microscope. TEM and SAED patterns were recorded on a JEOL JEM 200CX transmission electron microscope, using an accelerating voltage of 200 kV. HRTEM images were obtained by employing a JEOL-2010 high-resolution transmission electron microscope with a 200 kV accelerating voltage. Photoluminescence (PL) spectra were measured at room temperature on an SLM48000DSCF/AB2 fluorescence spectrometer made by American SLM Inc.
Results and discussion
Characterizations of final products
The x-ray diffraction (XRD) pattern of the as-synthesized nanorods is shown in figure 1. All diffraction peaks can be perfectly indexed to the orthorhombic system of α-PbF 2 with the lattice constants a = 3.899, b = 6.442, and c = 7.651Å, which are in good agreement with the literature values (JCPDS card No. 06-0288). No peaks of any other phases are detected, indicating the high purity of the product.
The morphologies of the final samples were examined by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). It can be observed in figures 2(a) and (b) that the product has a rod-like morphology. A representative SEM image (figures 2(a) and (b)) and TEM image of the as-prepared sample (figure 2(c)) reveal that this sample is composed of a large quantity of nanorods with diameter in the range 100-500 nm and length of about 1-10 μm. The SAED pattern (inset in figure 2(c) ) recorded on an individual nanorod indicates that as-prepared nanorods exhibit a single-crystalline structure. Figure 2(d) is a typical HRTEM image of a single nanorod which exhibits good crystalline and clear lattice fringes. The interplanar spacing is measured to be about 0.296 nm, which is in good agreement with that of the (111) crystalline plane of α-PbF 2 . These lattice fringes are parallel to the rod axis of the PbF 2 nanorod.
The microemulsion system is one of the most important factors for the formation of the material. Without the addition of the microemulsion system, the morphology is irregular rodlike ( figure 3(a) ). In the case of the microemulsion being present, Pb 2+ reacts with F − in the core of the microemulsions and the hydrophilic head groups of the surfactant molecules. A liquid-solid heterogeneous system is formed after nucleation of the PbF 2 nuclei. In the preparation of the microemulsion phase, when ultrasound is applied to the microemulsion system, the generated bubbles that collapse asymmetrically are able to form a uniform microemulsion phase. Comparative experiments were performed under vigorous electromagnetic stirring instead of ultrasonic treatment. The products prepared were only nanosized particles ( figure 3(b) ).
Effect of PEG concentration
The crystal growth is not only determined by the internal structure but is also affected by the external conditions. The use of organic surfactants and polymers in the synthesis of nanostructures has been a popular method to achieve morphological control. Recent research has indicated that capping organic molecules in the reaction system could modulate the kinetics of the crystal growth and determine the subsequent morphology of the product [14] [15] [16] . PEGmediated synthesis is known to be one of the most powerful methods for preparing 1D nanomaterials. In this experiment, further studies indicated that the concentration of PEG-6000 played an important role in the formation of PbF 2 nanorods. It is found that PbF 2 nanorods can only be obtained by addition of PEG-6000 from 0.25 to 1.0 g. The PbF 2 prepared without adding PEG-6000 is mainly composed of small particles. When the PEG-6000 concentration increases to 1 g, the product is composed of bigger particles. The influence of PEG concentration on the morphologies may be explained as follows. Under low and high PEG-6000 concentrations, the PEG chains present a random coil structure, and PbF 2 crystals do not grow with any preferred orientation [17] . This morphology evolution in our samples is similar to the result observed by Xie et al in the synthesis of ZnO [17] .
Possible growth mechanism
To study the formation process of PbF 2 nanorods, various growth stages of PbF 2 nanorods were investigated. TEM images obtained after different reaction times show an obvious growth process from small primary nanoparticles to the final nanorods (figure 4). In the early stage, the dominant process is the formation of nuclei. Small nanorods were observed first from particles ( figure 4(a) ). With increasing time these nanorods further aggregated in some specific orientations to form big nanorods ( figure 4(b) ). After 12 h ageing, the PbF 2 nanorods grew into a well-organized shape ( figure 4(c) ). The TEM image (inset figure 4(c) ) and SEM image ( figure 4(d) ) show that the nanorods are composed of oriented aggregated primary particles. But after further ageing, single-crystalline PbF 2 nanorods formed ( figure 4(e) ). The formation of rodlike PbF 2 in the Water/Oil (W/O) microemulsion may undergo various processes, including small-particle growth, fusion and aggregation. With the reaction proceeding, the fused particles become enlarged and further grow in the microemulsion. The aqueous droplets containing the initial PbF 2 nuclei in the microemulsion undergo a collision and fusion process. After collision and fusion of W/O microemulsion droplets covered with surfactant layers, PbF 2 nanorods can be obtained.
The formation of PbF 2 nanorods could be related to one proposed mechanism, the so-called 'oriented attachment process' [18, 19] . There are some similarities in our system with these studies. The formation of PbF 2 nanorods mainly comprises two processes: (i) the formation of small PbF 2 nanoparticles as the nascent crystal nuclei; and (ii) the subsequent crystal growth to form single-crystalline PbF 2 nanorods from these nuclei with prolonged ageing time. A schematic illustration of the development of PbF 2 nanorods is shown in scheme 1. 
Photoluminescence properties
To further characterize the single-crystalline PbF 2 , the roomtemperature photoluminescence (PL) spectrum of the asprepared sample was measured. Most previous optical studies on PbF 2 have been done for β-PbF 2 (cubic structure) [20, 21] . Recently, Alov and Rybchenko reported the luminescence of orthorhombic bulk monocrystals of PbF 2 (α-PbF 2 ) at low temperature (2 K) [22] . They observed a significant quenching in luminescence intensity as the temperature increased above about 50 K, and the luminescence was almost completely quenched at about 150 K. Similar results were observed by Itoh et al [23] . Thangadurai et al have synthesized nanocrystalline PbF 2 containing both α-and β-phases of PbF 2 [24] . There is no appreciable room-temperature PL in as-prepared nanocrystalline PbF 2 , although the PL intensity of the samples increases after annealing at high temperature. In this work, strong room-temperature PL of single-crystalline α-PbF 2 nanorods was observed. As shown in figure 5 , the α-PbF 2 nanorods give a maximal emission at 502 nm and a shoulder at 545 nm under 325 nm excitation. The PL emission may be due to the formation of electronic centres. The electron component of the exciton becomes localized at the two nearest-neighbouring Pb 2+ ions due to a strong covalent interaction between them. Thus, the electron component of the exciton is self-trapped at a pair of nearest-neighbour Pb 2+ ions, forming the (Pb 2 ) 3+ centre [23] . The PL intensity is dependent on the number of electronic centres. In this work, strong room-temperature PL may be ascribed to the presence of large numbers of electronic centres in the α-PbF 2 nanorods.
Conclusion
In summary, single-crystalline PbF 2 nanorods have been successfully synthesized by a microemulsion method at room temperature. PEG-6000 was found to play an important role in processes for the formation of PbF 2 nanorods in this sonication-microemulsion method. Room-temperature photoluminescence measurements indicate that the as-prepared PbF 2 nanorods have strong emission properties.
